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Available online 29 July 2016AbstractOrganic photovoltaic devices (OPVs) using chiral cyclohexene-fused [C60]-fullerene derivatives that have (l )-menthyl ester moiety have been
prepared and their properties evaluated as acceptor molecules with P3HT polymer: racemic cyclohexene-fused [C60] fullenene, (RS )-(1R,2S,5R)-
2a showed higher PCE (2.81%) than that of standard [C60]-PCBM (2.64%) under the same analysis conditions. On the contrary, devices using
chiral (R)-(1R,2S,5R)-2a and (S )-(1R,2S,5R)-2a, showed PCE as 1.08% and 1.10%, respectively. The main origin of the differences in PCE was
found to be their poor JSC values. The results indicate that the aggregation state might influence the interaction state with P3HT and impact the
results of the OPV properties, JSC values in particular.
© 2016, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Photovoltaic technology is now well recognized as one of
the most effective solutions to prevent the exhaustion of fossil
fuels [1]. Efficient active layer materials with high power
conversion efficiency (PCE) for photovoltaic devices (PVs) are
therefore strongly needed [2]. Fullerene and its derivatives are
widely used as n-type materials and work as efficient acceptor
molecules in the active layer of organic photovoltaics (OPVs)
due to their high electron mobility and adequate LUMO level
[3,4]. Among fullerene derivatives, methyl [6,6]-phenyl-C61-
butyrate ([C60]-PCBM) [5] has been used as the standard
compound with poly-3-hexylthiophene (P3HT) [6] as a donor* Corresponding author.
E-mail address: titoh@chem.tottori-u.ac.jp (T. Itoh).
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Ltd. This is an open access article under the CC BY-NC-ND license (http://creativpartner in polymer solar cells. Various types of meth-
anofullerene derivatives have thus been developed and several
compounds are superior to [C60]-PCBM, such as silylme-
thylfullerene [7] and dihydromethane/indene adducts of [C60]
and [C70]-fullerene [8]. We found that fulleropyrrolidine de-
rivatives ([C60]-FP and [C60]-Ar2FP) worked as good acceptor
partners with P3HT and the resulting solar cell showed higher
PCE than that of [C60]-PCBM [9]. We further discovered that
cyclopentene- and cyclohexene-fused [C60]-fullerene de-
rivatives, [C60]-CP and [C60]-CH, also worked as good n-type
materials for OPVs (Fig. 1) [10].
Recently, a hybrid solar cell based on the meso-
superstructured organometal halide perovskite has been
developed which had a strong impact on the field of OPVs:
these compounds have sometimes been referred to as “a game
changer in photovoltaics” as if this system would replace all
devices previously developed for the solar cell [2,11].
Fullerene based n-type materials are now in the spotlight again. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
ecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. [C60]-fullerene derivatives as source of OPVs, [C60]-PCBM and
compounds developed by our group.
Scheme 1. Synthesis of cyclohexene-fused [C60]-fullerene derivative.
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metal halide perovskite system, since it has been discovered
that fullerene derivatives significantly improved their stability
[12,13].
As mentioned, we have been preparing OPV devices using
fulleropyrrolidine derivatives and cyclopentene- or
cyclohexene-fused [C60]-fullerene derivatives as racemic
forms, although many of them are chiral compounds. How-
ever, it was assumed that the aggregation state of acceptor
molecules might influence the interaction state with P3HT and
affect the results of the OPV properties, since these OPVs are
bulk-hetero-junction type solar cells. Therefore, we envisioned
that the chirality of acceptor molecules might have an impact
on the affinity versus the donor polymer. Herein, we report the
result of the investigation of OPV property using [C60]-
cyclohexene derivative in both optically active and racemic
forms as an acceptor partner with P3HT as a donor polymer.
2. Experimental2.1. MaterialsThe [C60]-fullerene was purchased from Frontier Carbon
(nanom purple ST-A) and P3HT from Aldrich. (1R,2S,5R)-2-
isopropyl-5-methylcyclohexanol ((-)-l-menthol) was pur-
chased from Tokyo Chemical Industry Co., Ltd. The silica gel
was purchased from Wako Pure Chemical Industry, Ltd.
(Wakogel C-300E, 45e75 mm and Silica Gel 60N).2.2. Synthesis of cyclohexene-fused [C60]-fullerene 2aCyclohexene-fused [C60]-fullerenes were prepared as
illustrated in Scheme 1. A solution of [C60]-fullerene (360 mg,0.50 mmol), (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 3-
hydroxy-2- methylenepentanoate (1a) [18] (402 mg,
1.50 mmol), N,N-dimethylaminopyridine (183 mg,
1.50 mmol) in dry toluene (160 mL) was irradiated under
ultrasonic conditions for several minutes to afford a violet
solution, then the solution was added to acetic anhydride
(153 mg, 1.50 mmol) and the mixture was stirred for 5 h at
120 C. After being allowed to cool at rt, the mixture was
evaporated under reduced pressure and the residue was added
to methanol. This formed a brown solid which was collected
by an ultra membrane filter and which was dissolved in carbon
disulfide (CS2) and purified by silica gel (Silica gel 60N) flash
chromatography (CS2/toluene ¼ 1:0, 10:1, and 4:1 (v/v));
subsequent silica gel thin layer chromatography (CS2/ethyl
acetate ¼ 19:1, duplicate development) afforded (R)-
(1R,2S,5R)-2a (53.3 mg, 0.054 mmol) in 11% yield, (S )-
(1R,2S,5R)-2a (43.1 mg, 0.044 mmol) in 8.8% yield, mixture
of both diastereomers (51.5 mg, 0.053 mmol) in 10.6% yield,
as dark brown amorphous solids, and unreacted fullerene
(139 mg) was recovered in 39% yield. Neither (S )-(1R,2S,5R)-
2a nor (R)-(1R,2S,5R)-2a showed a clear melting point and
only caused decomposition.2.3. Cyclohexene fused [C60]-fullerene (R)-(1R,2S,5R)-
2a[a]25D þ 40.1 (c 0.28, CS2); 1H NMR (500 MHz, ppm,
CDCl3eCS2) d 7.72 (s, 1H), 4.95 (ddd, J ¼ 4.3, 10.9 Hz, 1H),
4.69 (d, J ¼ 14.1 Hz, 1H), 4.11e4.22 (m, 2H), 2.15 (q,
J ¼ 7.1 Hz, 3H), 1.95e2.05 (m, 1H), 1.75 (d, J ¼ 11.9 Hz,
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2H), 0.88e1.01 (m, 7H), 0.83 (d, J ¼ 6.9 Hz, 3H);13C NMR
(125 MHz, ppm, CDCl3eCS2) d 163.73, 156.70, 156.49,
153.03, 147.34, 147.22, 146.69, 146.42, 146.29, 146.19,
145.93, 145.90, 145.49, 145.26, 145.14, 145.12, 145.10,
145.08, 145.04, 144.78, 144.47, 144.43, 144.26, 142.82,
142.39, 142.38, 142.33, 141.92, 141.90, 141.82, 141.80,
141.75, 141.61, 141.43, 141.33, 141.15, 141.10, 140.01,
138.88, 138.69, 136.10, 135.52, 134.84, 134.29, 74.52, 69.92,
66.92, 47.34, 42.19, 40.87, 38.87, 34.35, 31.43, 26.79, 23.92,
22.16, 20.67, 18.16, 16.76; IR (KBr, cm1) 2924, 2718, 2332,
1704, 1635, 1511, 1369, 1443, 1264, 1135, 965, 755, 530;
HRMS (ESI-MS) m/z [M þ Naþ] Calcd for C76H26O2Na
993.1830, found 993.1814; E1/2
red11.16, LUMO
(eV) ¼ (4.8 þ E1/2red1) ¼ 3.64 eV. This compound was
recrystallized from a mixed solvent of CS2 and hexane and the
stereochemistry of its chiral center at 3-position on the
cyclohexene ring was tentatively assigned to be (R) based on
X-ray crystallographic analysis [see, Fig. S1 in SI].2.4. Cyclohexene fused [C60]-fullerene (S )-(1R,2S,5R)-
2a[a]25D 55.8 (c 0.19, CS2); 1H NMR (500 MHz, ppm,
CDCl3eCS2) d 7.77 (s, 1H), 4.90 (ddd, J ¼ 4.2, 10.9 Hz, 1H),
4.70 (d, J ¼ 14.1 Hz, 1H), 4.09e4.19 (m, 2H), 2.15 (d,
J ¼ 7.4 Hz, 3H), 1.80e1.88 (m, 1H), 1.73 (t, J ¼ 15.1 Hz,
2H), 1.49e1.65 (m, 2H), 1.27 (t, J ¼ 6.7 Hz, 1H), 1.06e1.21
(m, 2H), 0.87e1.01 (m, 5H), 0.82 (d, J ¼ 7.1 Hz, 2H), 0.75 (d,
J ¼ 6.9 Hz, 3H); 13C NMR (125 MHz, ppm, CDCl3eCS2)
d 164.65, 156.84, 153.32, 148.05, 147.65, 147.55, 146.81,
146.54, 146.50, 146.46, 146.24, 146.21, 146.17, 145.84,
145.82, 145.53, 145.51, 145.45, 145.41, 145.28, 145.02,
144.75, 144.69, 144.61, 144.58, 143.08, 142.67, 142.60,
142.29, 142.22, 142.16, 142.12, 142.04, 141.86, 141.71,
141.56, 141.46, 141.36, 140.28, 140.20, 139.05, 138.85,
136.45, 135.74, 135.57, 135.08, 134.41, 75.21, 70.37, 67.37,
47.18, 42.28, 40.90, 39.46, 34.24, 31.45, 26.33, 23.14, 22.09,
21.05, 18.30, 16.11; IR (KBr, cm1) 2933, 2855, 2332, 1713,
1640, 1456, 1268, 746, 528; HRMS (ESI-MS) m/z [M þ Naþ]
Calcd for C76H26O2Na 993.1830, found 993.1821; E1/2
red11.16,
LUMO (eV) ¼ (4.8 þ E1/2red1) ¼ 3.64 eV. The stereochem-
istry of 3-position on the cyclohexene ring was tentatively
assigned to be (S ).2.5. Cyclohexene fused [C60]-fullerene (RS )-2bThis compound was prepared in 36% yield (164 mg,
0.18 mmol) from [C60]-fullerene (358 mg, 0.50 mmol) and
phenyl 3-hydroxy-2-methylenepentanoate (200 mg,
0.97 mmol) as a brown amorphous solid started: 1H NMR
(500 MHz, ppm, CDCl3eCS2) d 8.01 (s, 1H), 7.43e7.47 (m,
2H), 7.26e7.30 (m, 3H), 4.80 (d, J ¼ 14.3 Hz, 1H), 4.24e4.30
(m, 2H), 2.22 (d, J ¼ 7.1 Hz, 3H); 13C NMR (125 MHz, ppm,
CDCl3eCS2) d 163.17, 156.82, 156.52, 153.02, 150.74,
149.59, 147.62, 147.50, 146.65, 146.59, 146.56, 146.55,
146.45, 146.20, 146.17, 146.16, 145.76, 145.75, 145.54,145.52, 145.40, 145.39, 145.37, 145.35, 145.32, 145.06,
144.71, 144.67, 144.53, 144.52, 143.08, 143.07, 142.66,
142.61, 142.60, 142.59, 142.19, 142.16, 142.07, 142.02,
141.98, 141.82, 141.73, 141.58, 141.45, 141.36, 140.34,
140.28, 139.12, 138.96, 136.48, 135.71, 135.61, 135.01,
133.51, 129.49, 125.90, 121.62, 70.01, 66.91, 42.61, 39.20,
18.46; FT-IR (neat, cm1) 3061, 2960, 1725, 1639, 11589,
1489, 1428, 1245, 1188, 1160, 1115, 1051, 903, 738, 684;
HRMS (ESI-TOF) m/z [MþNaþ] calcd for C72H12O2Na
931.0735, found 931.0728; E1/2
red11.14, LUMO
(eV) ¼ (4.8 þ E1/2red1) ¼ 3.66 eV.2.6. Cyclohexene fused [C60]-fullerene (RS )-2cThis compound was prepared in 40% yield (182 mg,
0.20 mmol) using [C60]-fullerene (360 mg, 0.50 mmol) and
cyclohexyl 3-hydroxy-2-methylenepentanoate (319 mg,
1.50 mmol) as a brown amorphous solid: 1H NMR (500 MHz,
ppm, CDCl3eCS2) d 7.72 (s, 1H), 5.04 (sep, J ¼ 4.1 Hz, 1H),
4.69 (d, J ¼ 14.2 Hz, 1H), 4.12e4.19 (m, 2H), 2.15 (d,
J ¼ 7.2 Hz, 3H), 1.98 (brs, 2H), 1.75e1.85 (m, 2H),
1.58e1.70 (m, 3H), 1.44e1.50 (m, 2H), 1.34e1.39 (m, 1H);
13C NMR (125 MHz, ppm, CDCl3eCS2)
d 164.48,157.24,156.90, 154.63,153.34,147.67,147.56,147.16,
146.82, 146.77, 146.60, 146.51, 146.49, 146.28, 146.25,
146.23, 146.20, 145.85, 145.83, 145.57, 145.53, 145.51,
145.46, 145.44, 145.42, 145.41, 145.32, 145.14, 144.78,
144.61, 143.13, 143.12, 142.70, 142.67, 142.64, 142.28,
142.24, 142.22, 142.13, 142.11, 142.09, 142.07, 141.91,
141.76, 141.62, 141.50, 141.40, 140.34, 140.29, 139.13,
138.94, 136.57, 135.77, 135.62, 135.07, 134.65, 73.31, 70.23,
67.15, 42.36, 39.39, 31.76, 31.68, 25.67, 23.85, 23.75, 18.47;
FT-IR (neat, cm1) 2926, 2851, 1706, 1641, 1446, 1379, 1248,
1207, 1118, 1012, 746, 574; HRMS (ESI-TOF) m/z [MþNaþ]
calcd for C72H18O2Na 937.1204, found 937.1199; E1/2
red11.11,
LUMO (eV) ¼ (4.8 þ E1/2red1) ¼ 3.69 eV.
Details of the synthesis of cyclohexene fused [C60]-
fullerene (RS )-2b and (RS )-2c can be found in the previous
report [10].2.7. Preparation of OPV devicePhotovoltaic devices were prepared by spin-coating the
cyclohexene-fused [C60]-fullerene blends from chlorobenzene
onto an indium tin oxide (ITO) glass electrode as follows: To a
P3HT (1.0 wt%) solution of chlorobenzene were added
cyclopentene-fused [C60]-fullerene 2a (equal weight vs.
P3HT) and silica gel (1.0 wt % vs. P3HT solution), then the
mixture was stirred for 12 h at ambient temperature. It was
then filtered through a Teflon (0.2 mm) filter. The resulting
solution was applied to the surface of an ITO plate (with
PEDOT: PSS (AI4083 (pH ¼ 1.8))) by the spin-coating
method at a thickness of ca. 100 nm, and the surface was
washed with acetone and irradiated under UV light and ozone
gas for 20 min to decompose the impurities. After drying
under vacuum for 20 min, the resulting plate was placed in a
vacuum chamber and the surface was coated with the electrode
152 K. Sugawara et al. / Green Energy & Environment 1 (2016) 149e155layers of calcium (4 nm) and aluminum (100 nm) by evapo-
ration at 104 Pa at rt. We placed the glass plate on the
resulting film and the plate was firmly fixed using a bonding
agent under an argon atmosphere to produce the solar cell. The
PCE values were obtained using the solar simulator OTENTO-
SUN II (AM1.5G, 100 mW/cm2). Cyclic voltammograms
were obtained in acetonitrile with 0.1 mM tetrabutylammo-
nium hexafluorophosphate (n-Bu4NPF6) as a supporting
electrolyte using a glassy carbon (1 mm diameter) as a
working electrode, a Pt counter electrode and Ag/AgCl
reference electrode. Since the PCE values of the testing de-
vices were dependent on the preparation conditions and ma-
terials, we manufactured the devices using the P3HT polymer
and PEDT: PSS having the same lot numbers. The P3HT
polymer was purchased from Aldrich with having the lot
number Ald.#MKBN9178V.2.8. DFT calculation of (R)-(1R,2S,5R)-2aFig. 3. Typical solar cell designed to evaluate the optically active cyclohexene-
fused [C60]-fullerene derivative.
Fig. 2. Molecular structure of cyclohexene-fused [C60]-fullerene derivatives of
which acceptor properties were evaluated in this study.Quantum mechanical calculations on the (R)-(1R,2S,5R)-2a
were carried out with Gaussian09 [17] at the Research Center
for Computational Science (RCCS, Okazaki, Japan). Geome-
try optimizations were performed, followed by vibrational
analysis to ensure the energetic stability of the optimized
structures using the B3LYP/6-31G(d) level of theory [18e20].
3. Results and discussion
In order to prepare chiral cyclohexene-fused [C60]-fullerene
derivatives, we applied a traditional protocol of chromatographic
separation of the diastereoisomers derived from (-)-l-menthyl
ester. Synthesis of cyclohexene-fused [C60]-fullerene derivatives
was accomplished as we previously reported based on the
method developed byYan and co-workers [14] (Scheme 1). (-)-l-
Menthyl acrylate was reacted with 1-propanal in the presence of
1,4-diazabicyclo [2.2.2]octane (DABCO) in a mixed solvent of
1,4-dioxane and water (1:1) at rt to furnish the Morita-Balylis-
Hillman adduct, (1S,2R,5S )-2-isopropyl-5-methylcyclohexyl
3-hydroxy-2-methylenepentanoate (1a), which was then con-
verted to the cyclohexene fused fullerene without further puri-
fication as follows: a mixture of [C60]-fullerene, 1a, and N,N-
dimethylaminopyrridine (DMAP) in toluene was irradiated
under ultrasonic conditions, then the solutionwas added to acetic
anhydride and the mixture was stirred for 20 h at 120 C. Diel-
seAlder reaction of [C60]-fullerene with (E )-menthyl 2-
methylenepent-3-enoate, which was generated in situ, took
place to afford the corresponding cyclohexene fused fullerene
(RS )-(1R,2S,5R)-2a as a diastereomeric mixture of (R)-
(1R,2S,5R)-2a and (S )-(1R,2S,5R)-2a (Fig. 2). Their separation
was accomplished by a combination of silica gel flash column
chromatography and silica gel thin layer chromatography.
We prepared three types of OPV devices by the spin-
coating method using (R)-(1R,2S,5R)-2a, (S )-(1R,2S,5R)-2a,
and (RS )-(1R,2S,5R)-2a. Each compound was mixed with
P3HT (1:1, by weight) in chlorobenzene and the resulting
solution was spin-coated onto an indium tin oxide (ITO) with
poly (3,4-ethylenedioxythiophene): poly (styrenesulfonate)(PEDOT: PSS) [15] glass electrode as a positive electrode to
make an active layer of organic photovoltaic cells. Calcium
and aluminum were used as a negative electrode as illustrated
in Fig. 3. To evaluate their device properties precisely, we also
prepared OPVs using reference compounds, [C60]-PCBM [5]
and two types of cyclohexene fused-[C60], such as (RS )-2b
(R ¼ Ph) [10] and (RS )-2c (R ¼ c-Hex) [10] both of which
were developed in our group, using the same donor polymer
and glass electrode materials. The results of evaluation of the
corresponding OPV devices are summarized in Table 1.
It is known that the VOC of an OPV device is determined by
the difference between the LUMO level of the n-type
conductor and the HOMO level of the p-type semiconductor
[16]. As shown in Table 1, (R)-(1R,2S,5R)-2a, (RS )-
(1R,2S,5R)-2a, and (RS )-(1R,2S,5R)-2a have the same LUMO
Table 1
Photovoltaic performances of the P3HT-based organic photovoltaic devices
with cyclohexene-fused [C60]-fullerene derivatives 2.
a
Entry Fullerene derivatives PCE
(%)
JSC
(mA cm1)
VOC
(V)
FF LUMO
(eV)b
1 [C60]-PCBM 2.64 6.75 0.617 0.633 3.71
2 (R)-(1R,2S,5R)-2a 1.08 3.89 0.648 0.431 3.64
3 (S )-(1R,2S,5R)-2a 1.10 3.55 0.671 0.466 3.64
4 (RS )-(1R,2S,5R)-2a 2.81 6.86 0.685 0.598 3.64
5 (RS )-2b (R ¼ Ph) 3.20 8.13 0.642 0.614 3.66
6 (RS )-2c (R ¼ c-Hex) 1.89 5.24 0.672 0.536 3.69
a Under the illumination of AM 1.5G, 100 mW/cm2.
b The LUMO levels were determined by CV analysis.
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153K. Sugawara et al. / Green Energy & Environment 1 (2016) 149e155level because these are just diastereomers. But, interestingly,
there are slight differences between their VOC levels. The most
significant differences of the properties between these isomers
are found in their JSC values and these reflect strongly to their
OPV performance (Entries 2, 3, and 4). Racemic (RS )-
(1R,2S,5R)-2a showed higher PCE (Entry 4) than that of [C60]-
PCBM (Entry 1). On the contrary, poor PCE was attained for
chiral (R)-(1R,2S,5R)-2a and (S )-(1R,2S,5R)-2a. PCE of the
device using (RS )-(1R,2S,5R)-2a (Entry 4) is approximately
2.5-fold higher than that of those using (R)-(1R,2S,5R)-2a and
(S )-(1R,2S,5R)-2a (Entries 2 and 3), mainly due to higher JSC
values. (RS )-2b showed the highest PCE (3.20%) among
tested OPVs in this study (Entry 5). Although LUMO orbitals
were found in the surface of the fullerene moiety (Fig. 4), both
the chirality of the small methyl group on the cyclohexene ring
and the ester carbonyl part significantly influenced the OPV
properties. OPVs prepared using chiral and racemic 2a showed
the similar UV-visible spectra (see Fig. S2 in SI). On the other
hand, there found differences in the external quantum effi-
ciency (EQE) of the P3HT/fullerene derivative films between
racemic P3HT/(RS )-(1R,2S,5R)-2a, (R)-(1R,2S,5R)-2a, and
(S )-(1R,2S,5R)-2a. To compare the influence of the ester
carbonyl moiety, the results of cyclohexyl ester (RS )-2c were
also superimposed in the same graph (Fig. 5). As can be seen
on Fig. 5, the EQE of P3HT/(RS )-(1R,2S,5R)-2a between 500
and 600 nm reached around 0.57. On the contrary, that of (R)-
(1R,2S,5R)-2a and (S )-(1R,2S,5R)-2a were 0.31 and 0.28,
respectively. It was thus revealed that the differences in chiral
state of the accepter compounds affected to produce exciton.Fig. 4. The LUMO orbital of (R)-(1R,2S,5R)-2a by B3LYP/6-31G(d) calcu-
lation. All of the eigen-frequencies of the optimized structure are real to
indicate that it is energetically stable. Electronic energy and thermal corrected
energies of (R)-(1R,2S,5R)-2a and details of the optimized structure by
calculation are shown in Tables S1 and S2, respectively.Since these compounds have the same cyclohexyl motif in the
ester carbonyl group, the results indicate that substituent of the
ester carbonyl moiety also affected the aggregation state of
these accepter molecules with P3HT polymer.
Fig. 6 shows current density versus VOC for OPVs derived
from P3HT with (R)-(1R,2S,5R)-2a, (S )-(1R,2S,5R)-2a, (RS )-
(1R,2S,5R)-2a, and control [C60]-PCBM and (RS )-2c (R ¼ c-
Hex). As clearly shown in this IV profile, (RS )-(1R,2S,5R)-2a
cell displays the best property among them. On the contrary,
both (R)-(1R,2S,5R)-2a and (S )-(1R,2S,5R)-2a showed poor
results due to low JSC values of these two isomers. Since (R)-
(1R,2S,5R)-2a, (S )-(1R,2S,5R)-2a, (RS )-(1R,2S,5R)-2a have
the same structural motif, it has thus been established that
chirality of the methyl group on the cyclohexene ring effec-
tively influenced the JSC properties and determined total PCE
values of their OPV devices. However, it should also be noted3
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rivatives solar cell devices under illumination by an AM 1.5G solar simulated
light (100 mW/cm2).
154 K. Sugawara et al. / Green Energy & Environment 1 (2016) 149e155that origin to determine the JSC value is very complicated one,
because (RS )-2c (R ¼ c-Hex) showed inferior JSC compare to
that of (RS )-(1R,2S,5R)-2a while these have the same cyclo-
hexene motif that connected with [C60] ring. The results
indicate that OPV properties were significantly dependent on
the small methyl group on the cyclohexene ring.
4. Conclusions
In summary, we prepared OPV devices using chiral
cyclohexene-fused [C60]-fullerene derivatives as acceptor
molecules with P3HT polymer as a donor partner: racemic
(RS )-(1R,2S,5R)-2a showed higher PCE than that of chiral
isomers and only ca. half of the PCE values were obtained for
devices using chiral (R)-(1R,2S,5R)-2a and (S )-(1R,2S,5R)-2a,
mainly due to their poor JSC values. This is the first report
discussing the OPV performance using fullerene based chiral
acceptor molecules. It should also be noted that the device
using (RS )-(1R,2S,5R)-2a showed higher PCE than that of
[C60]-PCBM. Although we assumed that diastereomerically
pure compounds might display high PCE due to improved
affinity with a donor polymer, the results were completely
different from our initial assumption. However, as anticipated,
the results clearly indicate that the aggregation state might
influence the interaction state with P3HT and be attributed to
the OPV properties, though the details have not yet been
clarified. Further investigation into the development of novel
cyclohexene-fused [C60]-fullerene derivatives with different
donor polymers will allow the creation of more efficient solar
cells in the near future.
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